A complete protocol for the synthesis of new palladacyclopentadienyl complexes with purine-based carbenes as supporting ligands is described. The new organometallic compounds were exhaustively characterized using NMR and infrared spectroscopies and elemental analysis. The single-crystal X-ray structure of complex 2b coordinating also a triphenylphosphine was resolved. Some of these complexes showed an antiproliferative activity comparable to or better than that of cisplatin on two human ovarian cancer lines: A2780 (cisplatin-sensitive) and A2780cis (cisplatin-resistant). Moreover, for complexes 2 and 3 (coordinating one purine-based N-heterocyclic carbene ligand and one phosphine) the cytotoxicity is associated with an evident induction of apoptosis. Finally, complexes 3, bearing one purine-based N-heterocyclic carbene ligand and one 1,3,5-triaza-7-phosphaadamantane, proved practically inactive on non-tumour fibroblast cells (MRC-5).
| INTRODUCTION
In recent years a number of different platinum complexes have been synthesized with the aim of reproducing, or possibly enhancing, the therapeutic properties of cisplatin and its analogues of second and third generation. [1, 2] It is worth noting that such compounds still represent the most widely used chemotherapeutic metallodrugs active in the battle against neoplastic pathologies despite the resistance mechanism developed by some typology of neoplasia, [3] their remarkable toxicity and their reduced versatility towards several tumours. On the other hand, the development of synthetic analogues might be of great interest in lowering the toxicity or implementing the multidrug approach to cancer therapy. Moreover, the multiplicity of possible cellular targets and/or the difficulty of predicting the mechanism of interaction with biomolecules mean that it is very demanding to plan on paper the structure and features of a new metal chemotherapeutic drug. Therefore, no impressive improvements have been obtained so far.
[4] One alternative approach to the problem is based on investigating systematically unexplored classes of metal compounds. The possibility of choosing ancillary ligands and organometallic fragments offers many variables, from a combination of which might emerge a new effective chemotherapeutic drug. [5, 6] In this respect, palladium might represent a valid alternative to platinum because of the similarity among the structures of their complexes. On the other hand, palladium derivatives show a better solubility in water and a markedly enhanced reactivity with respect to those of platinum. [7, 8] In this context, it was recently shown that palladium complexes stabilized by strong ligands often display a higher anticancer activity than the usual platinum agents.
[9]
On the basis of such observations, we have recently carried out a study describing the synthesis of several allyl palladium complexes stabilized by various N-heterocyclic carbene (NHC) spectator ligands derived from three appropriately functionalized methylxanthines [10] which
show an antiproliferative activity, in many cases markedly higher than that of the reference cisplatin. 11a We have planned this sort of investigation accepting some literature suggestions. Firstly, we supposed that the easier dissociation path in bloodstream and/or cellular environment of palladium complexes compared to platinum derivatives 8b, c could be reduced by strong stabilizing NHC ligands. [12] In this respect it is worth noting that some NHC-palladium derivatives described in the literature display reduced cytotoxicity [9a,d,13] and a noticeable cancer growth suppression in vivo. [9d,12e] Secondly, the natural origin of xanthines suggested a possible increased compatibility and therefore an enhanced interaction of the related derivatives with the biological environment, as already shown elsewhere. [14] In the work presented here and at variance with previous work focused on the palladium-allyl moiety, 11a we opted for the palladacyclopentadienyl group since it was shown that palladacycles can be very effective against various cancer cell lines. 9d Moreover, the experience we developed on these substrates [15] suggests that this organometallic fragment should remain stable in a biological environment.
As supporting ligands, in addition to purine-based NHCs, we chose triphenylphosphine (PPh 3 ), 2,6-dimethylphenylisocyanide (DIC) and 1,3,5-triaza-7-phosphadamantane (PTA), with the aim of obtaining complexes with different steric and electronic features. In particular, it is well known that PTA can increase the water solubility of its derivatives. [16] The structures of the palladacyclopentadienyl derivatives synthesized and tested against the A2780 (cisplatinsensitive) and A2780cis (cisplatin-resistant) cancer lines are reported in Scheme 1.
| RESULTS AND DISCUSSION

| Synthesis of purine-based imidazolium salts
Compounds a-c were obtained pure and in quantitative yields by metathesis of tetrafluoroborate ions with tetraphenylarsonium chloride of alkylated xanthines, synthesized according to methods published elsewhere [11] (Figure S1a, supporting information).
The chloride derivatives were characterized using 1 H NMR and 13 C NMR spectroscopy and the spectra of compounds a-c display slight modification with respect to SCHEME 1 Starting imidazolium salts (a-c) and palladacyclopentadienyl derivatives (1) (2) (3) (4) those of the original tetrafluoroborate derivatives ( Figure  S1b -g, supporting information). In particular, the marked downfield shift (ca 1.5 ppm) of the barely significant imidazolic proton is worth noting.
| Synthesis of silver purine-based NHC complexes
The reaction of compounds a-c with Ag 2 O carried out in CH 3 CN for 4 h in the dark yielded the silver complexes Aga-c (Scheme 2). A comparison between the NMR spectra of the starting alkylated xanthines and the ensuing silver complexes confirms that the reaction summarized in Scheme 2 took place. As can be seen ( Figure S2a -d,g-j, supporting information), the peak of the imidazole proton disappears and all the signals belonging to alkyl and aryl groups undergo a shift upon coordination with the metal. The complete assignment of the signals has been carried out on the basis of the two-dimensional HSQC and HMBC NMR spectra. However, the true molecular structure of complexes Aga-c was assigned by means of ESI-MS, which indicates that the carbene silver complexes, according to the suggestion of Nolan and co-workers, [17] are better 
| Synthesis of bis-NHC palladacyclopentadienyl complexes
The synthesis of the title complexes was carried out according to Scheme 3. Complexes 1 were synthesized by reacting compounds Aga-c and the polymeric precursor [PdC 4 (COOCH 3 )] n . The synthesis was conducted according to published methods. [11, 18] Despite the difficulty we have hitherto faced when bulky carbenes are used for the preparation of bis-carbene complexes, 15e the synthesis of derivatives 1 proceeded without particular problems and they were obtained in reasonable yields. The NMR spectra, however, are characterized by the doubling of all the signals ascribable to the synthesized complexes, as can be noticed in Figure 1 and Figure S3 (supporting information). In the case of complexes 1c ( Figure 1 ) and 1b, an AB system, due to the presence of two non-equivalent CH 2 Ph groups, together with the already cited doubling of all the other signals, strongly suggest the concomitant and essentially equimolecular formation of two atropoisomers in which the benzyl fragments lie on the same or opposite side of the main plane of the complexes owing to the hindered rotation about the Pd─C bond of the non-symmetric carbene (Figure 2) .
The detailed 1 H NMR and 13 C NMR investigations, supported by HSQC and HMBC spectra ( Figure S3 , supporting information), confirm the structure in solution of complexes 1. In particular:
i) the carbenic NCH 3 groups of any atropoisomer resonate at chemical shifts different from those of the silver complexes. ii) Two different couple of signals for the OCH 3 groups in both the 1 H NMR and 13 C NMR spectra are detected.
iii) The already cited AB signal ascribable to the CH 2 Ph benzyl protons in the case of complexes 1b and 1c is observed. iv) Two different carbene carbon signals are observed at ca 188 ppm.
| Synthesis of mixed NHC-PPh 3 palladacyclopentadienyl complexes (2)
As a consequence of a detailed study entailing theoretical approaches and experimental controls, [20] we were able to prepare pure complexes 2 using the non-conventional synthetic methodology reported in Scheme 4. This SCHEME 2 Synthesis of silver purine-based NHC complexes SCHEME 3 Synthesis of complexes 1 methodology does not always lead to the formation of the mixed complexes since well-defined thermodynamic and kinetic conditions must be obeyed in order to avoid the formation of the bis-carbene and bis-phosphino complexes only, or a mixture of all the possible derivatives. A preliminary density functional theory study of the thermodynamic stability of the involved species [19] ( Figure S4 , supporting information) and consequent experimental results show that in this and in other cases (discussed below) the preconditions elsewhere identified [20] have been satisfied.
The characterization of complexes 2 was carried out using NMR and infrared (IR) spectroscopies (Figures S5, supporting information) and in the case of complex 2b by the diffractometric resolution of its solid-state structure.
The 31 P{ 1 H}NMR spectra of the complexes show a single signal at ca 25-26 ppm at lower field than that of free FIGURE 2 Density functional theory representation [19] of the atropoisomers of complex 1b (for the sake of optimization of computer time, the COOMe group was substituted with the less disordered CN) SCHEME 4 Synthesis of complexes 2 PPh 3 (ca 30 ppm) ( Figure S5a, supporting information) . Due to the asymmetry induced by the different spectator ligands, the 1 H NMR and 13 C NMR spectra of all the complexes show four signals related to the COOMe groups ( Figure S5b ,c,g-j, supporting information).
In the 1 H NMR spectra, all the NCH 3 protons are clearly detectable whereas those belonging to the CH 2 Ph groups in the case of complexes 2b and 2c resonate as AB systems owing to their magnetic non-equivalence induced by the hindered rotation of the carbene about the Pd─C bond. Finally, the carbene carbon resonates as a doublet at ca 190 ppm owing to the coupling with vicinal phosphorus.
As a definitive confirmation of the steric nature of these complexes, we show in Figure 3 the resolved solidstate structure of complex 2b which will be discussed later on. Other ORTEP [21] representations of complex 2b are shown in Figure S8 (supporting information).
2.5 | Synthesis of mixed NHC-PTA palladacyclopentadienyl complexes (3)
As can be seen in Scheme 5, also in this case the thermodynamic and kinetic conditions yielding these complexes by direct synthesis were fulfilled.
The NMR investigations confirm the nature of the title derivatives and the related NMR and IR spectra are shown in Figure S6 ( 
| Synthesis of mixed NHC-DIC complexes (4)
Despite the electronic difference between the good π-acceptor DIC and the other ligands used in this research, which are all σ-donating molecules although to different degrees, the synthetic protocol yielding complexes 4 remains almost the same as those previously described (Scheme 6). As a matter of fact, the most relevant difference between the protocols is the reaction rate, which in this case is considerably lower (48 h) than those related to the formation of complexes 1-3 (1 h). Moreover, soon after the mixing of the reagents, three complexes, namely the bis-substituted isocyanide, bis-substituted carbene and mixed palladacyclopentadienyl derivative 4, are detected in solution. These kinds of reaction are not unprecedented and have been recently studied in detail. [20] Eventually, the thermodynamically stable mixed species 4 were exhaustively formed and the long time necessary for the completion of the reaction is mainly due to the steric hindrance induced by the bulky homogeneously substituted biscarbene and bi-isocyanide palladacyclopentadienyl complexes reacting with each other. [22] The characterization of complexes 4 was carried out using NMR and IR spectroscopies and the related spectra are reported in the supporting information ( Figure S7a-i) . In particular, in the 1 H NMR spectra, the purinic NCH 3 groups are observed as singlets in the range 3.35-4.35 ppm, whereas in the case of complexes 4b and 4c the AB systems of the benzyl NCH 2 protons are detected in the range 5.10-6.00 ppm. The four OCH 3 fragments resonate in the range 3.29-3.81 ppm whereas the isocyanide methyl groups, at variance with those of the free moiety, are observed as singlets in the range 2.00-2.50 ppm.
In the 13 C{ 1 H}NMR spectra, the isocyanide and the carbene carbons are easily observed at ca 149 and in the range 180-190 ppm, respectively.
| X-ray diffraction analysis: structural characterization of 2b
The crystalline form of 2b contains one crystallographically independent palladium complex ( Figure 3 ). Palladium centres adopt square planar coordination spheres with bond lengths and angles (Table 1) (14) Å). [23] Furthermore, the molecular model of 2b is well superimposable with the related (2,6-dimethylphenylisocyanide)-(1,2,3,4-tetrakis(methoxycarbonyl)buta-1,3-d iene-1,4-diyl)-(triphenylphosphine)palladium structure (green sticks; CCDC no. 825712) complex [24] (CCDC no. 714135); RMSD of common atoms shared by the two models is 0.81 Å ( Figure S9 , supporting information). The structure of 2b shows that the xanthine minimizes steric repulsions in the solid state, adopting a roughly perpendicular orientation with respect to the palladium coordination plane (69.48°in 2b). Neighbour ligand sidechains (a phenyl from the phosphine and one carbomethoxy from the buta-1,3-diene-1,4-diyl ligand) adopt conformations parallel to the xanthine, with average plane distances of 3.1(5) Å suggesting that π···π interligand contacts might stabilize the complex. Crystal packing shows hydrophobic contacts among neighbour molecules, involving several CH···π and minor π···π interactions, while water molecules are trapped in polar cavities where hydrogen bonds link carbomethoxy groups of neighbour palladium complexes.
| Antiproliferative activity
The complexes containing PTA (3a-c) are very soluble in water. All other complexes are scarcely soluble in water, and for this reason the stock solutions (50 mM) for SCHEME 6 Synthesis of complexes 4 TABLE 1 Selected bond distances and angles for the palladium coordination sphere of 2b. Naming schemes are reported in Figure 3 Bond biological investigations were prepared in dimethylsulfoxide (DMSO) and the working solutions were then obtained by dilution with ethanol. The stability of the complexes was preliminarily checked in D 2 O (3) or DMSO-d 6 (1, 2 and 4): after 48 h at room temperature no ligand replacement and no degradation were observed. The ability of all the synthesized complexes in inhibiting the cell proliferation of ovarian cancer cells A2780 and A2780cis was analysed after 72 h treatment, in order to explore their biological activity in comparison with cisplatin, a known antineoplastic agent. The two cell lines exhibited a sharply different response to cisplatin exposure. One (A2780) was sensitive to cisplatin, while the other (A2780cis) was cisplatin resistant. In Table 2 , the results obtained from three independent experiments are reported. The strong antiproliferative activity of cisplatin (IC 50 = 0.6 ± 0.1 μM) on the A2780 cell line was confirmed; [11, 25] in addition, the obtained data confirmed the cisplatin resistance of the A2780cis cell line (IC 50 = 6 ± 1 μM). For all the complexes investigated, with the exception of 2c, the IC 50 values against the A2780 and A2780cis cell lines were similar, indicating that they were active also on the resistant cell line. Notably, compound 3a exhibited higher activity on A2780cis cells with respect to A2780 cells. The compounds exhibiting the highest in vitro antiproliferative activity (IC 50 ≤ 1 μM) were 3a, 3b, 3c and 4c. All these compounds displayed a very interesting ability in inducing cytotoxicity in both the cell lines, featuring higher activity than cisplatin against the resistant cells. In order to preliminarily evaluate a potential selectivity of the palladacyclopentadienyl complexes against cancer cells, normal human fibroblasts (MRC-5) were treated for 72 h with complexes 2b and the most effective 3c. As evident from Table 3 , the compounds are poorly active (2b) or inactive (3c) against this non-tumour cell line, suggesting a preferential activity of the analysed compounds against cancer cells. FIGURE 4 Representative apoptosis profiles of A2780 cells untreated (C−), treated for 72 h with cisplatin (C+; 0.5 and 1.0 μM) and treated with complexes 1b, 2b, 3c and 4c at various concentrations (IC 50 and IC 75 values). DMSO stock solutions (50 mM) of the complexes were diluted with ethanol to obtain working solutions. Cisplatin was dissolved in water 2.9 | Pro-apoptotic effects
In order to verify whether the antiproliferative activity of the newly synthesized compounds is associated with the activation of the apoptotic pathway (as is known when cisplatin is administered to tumour cells of various origins), [26] [27] [28] [29] the complexes of each series demonstrating the best antiproliferative activity (1b, 2b, 3c, 4c) were investigated. The Annexin V test and a MUSE cell analyser were employed for this purpose. Representative results are shown in Figures 4 and 5 , and all the obtained data are summarized in Table 4 . All the selected derivatives, with the exception of 4c, induced evident apoptosis in both cell lines. These assays have been performed When the compounds were assayed on the A2780 cell line, at the used concentrations, the best pro-apoptotic activity was obtained with the complexes 1b, 2b and 3c which were able to induce a very high percentage of apoptosis, exhibiting a better pro-apoptotic activity than cisplatin ( Figure 4 and Table 3 ). Fully in agreement with the data shown in Table 2 , derivatives 2b and 3c induced pro-apoptotic effects also on the resistant A2780cis cells. Compound 1b displayed low pro-apoptotic effects on A2780cis cells, whereas it was active on A2780 cells, suggesting a different mechanism of action with respect to compounds 2b and 3c.
| CONCLUSIONS
We have synthesized twelve new palladacyclopentadienyl complexes bearing two NHCs or one NHC and one phosphine or isocyanide. In order to enhance the biological affinity of the complexes, three different compounds derived from modified natural xanthines were used as NHC ligands. The cytotoxicity of the complexes towards the ovarian cancer cellular lines A2780 (cisplatin-sensitive) and A2780cis (cisplatin-resistant) was determined. Notably, with the exception of the bis-carbene derivative 1c, all the synthesized complexes show an antiproliferative activity comparable to that of cisplatin.
A correlation between the antiproliferative activity of the derivatives and their structure has been observed. In particular, the less hindered complexes of the type NHC-PTA or NHC-DIC show a higher efficiency with respect to the bis-NHC and the NHC-PPh 3 derivatives. Complexes 3 proved particularly promising since they are able to associate a significant antiproliferative activity, especially on A2780cis line, with the ability to induce apoptosis. Moreover, complex 3c, which is the most active species, is almost inactive against non-tumour cells (MRC-5 fibroblasts).
This observation might be important in view of possible application of the studied compounds in anticancer treatments, suggesting that preclinical investigations using different primary tumour cell isolates should be considered before proposing these compounds for clinical trials. In addition, it will be necessary in the future to investigate the activity using in vivo model systems, in order to clarify whether the described cytotoxicity against tumour cell lines involves negligible side effects on normal cells and networks.
Finally, the presence of PTA makes complexes 3 very soluble in water, a requisite that is very important for drug administration.
The natural development of this work will be to define the main cellular target and the mechanism of action of the most promising complexes.
| EXPERIMENTAL
| Solvents and reagents
The solvents CH 2 Cl 2 and CH 3 CN were distilled over CaH 2 . Acetone was refluxed over 4 Å molecular sieves and distilled. The precursor [PdC 4 (COOCH 3 ) 4 ] n was synthesized according to published procedures. [18] All other solvents and chemicals were commercial-grade products and used as purchased.
| IR and NMR spectroscopic measurements and elemental analysis
The IR and 1 H NMR, 13 C NMR and 31 P NMR spectra were recorded with a PerkinElmer Spectrum One spectrophotometer and Bruker Avance 300 or Ascend 400 spectrometers, respectively. The elemental analysis of the synthesized complexes was carried out using an Elementar CHN CUBO Micro Vario analyser. ESI-MS analyses were carried out by the group of Prof. Sgarbossa (Padua University).
| Crystal structure determinations
The crystal data of compound 2b were collected at 100 K at the XRD1 beamline of the Elettra Synchrotron, Trieste (Italy). [30] The datasets were integrated, scaled and corrected for Lorentz and polarization effects with the XDS package. [31] The structure was solved by direct methods using the SHELXT program [32] and refined using full-matrix least-squares with all non-hydrogen atoms anisotropically and hydrogens included on calculated positions, riding on their carrier atoms. Disordered water molecules were modelled in cavities, located on crystallographic inversion centres. The electron content per void area has been estimated to be 14e − (ca 70 Å 3 ;
PLATON [33] SQUEEZE routine), in agreement with refined water occupancies. Hydrogen atoms for water molecules were not included in the refined models since it was not possible to locate them unambiguously in electron-density peaks of Fourier difference maps (contributions of these missing hydrogen atoms are still included in the properties reported in Table S1 , supporting information). All calculations were performed using SHELXL-2018/3. [34] The Coot program was used for structure building. [35] The crystal data are given in Table S1 (supporting information). Pictures were prepared using Ortep3 [21] software.
Crystallographic data have been deposited at the Cambridge Crystallographic Data Centre and allocated the deposition number CCDC 1881566. These data can be obtained free of charge via https://www.ccdc.cam.ac. uk/structures.
| Synthesis of purine-based imidazolium salts (a-c)
These compounds were synthesized by chloride-BF 4 metathesis of each tetrafluoroborate imidazolium salt obtained according to published procedures. [11] 
| Compound a
To 356.2 mg (1.203 mmol) of the tetrafluoroborate salt of tetramethylcaffeine, dissolved in 100 ml of water, 503.9 mg (1.203 mmol) of AsPh 4 Cl was added. The immediate formation of AsPh 4 BF 4 as a white fluffy precipitate was observed. The reaction mixture was stirred for ca 30 min and AsPh 4 BF 4 was filtered off using a Millipore apparatus. The clear solution was dried under vacuum at low temperature (< 50°C) and the residue ground in 20 ml of CH 2 Cl 2 , filtered off using a Gooch filter, washed with diethyl ether and dried under vacuum. Compounds b and c were prepared in a similar way from the appropriate reactants. Derivatives Agb and Agc were prepared in a similar way from the appropriate reactants. Derivatives 2b, 2c, 3a, 3b and 3c were prepared in a similar way from the appropriate reactants.
| Compound b
| Complex Agb
| Complex 1c
ν C═O =1709, 1671 cm −1 , ν C─O = 1208 cm −1 . Anal. Calcd for C 42 H 44 N 8 O 12 Pd (%): C 52.59, H 4.62, N 11.68. Found
| Complex 2b
Yellow microcrystals; yield 86%. 3H, OCH 3 ), 3.38 (s, 3H, NCH 3 ), 3.46 (s, 3H, NCH 3 ), 3.63   (s, 3H, OCH 3 ), 3.64 (s, 3H, OCH 3 ), 3.85 (s, 3H, NCH 3 
| Complex 3a
| Complex 3c
| Cell growth evaluation
Cell viability inhibition assays were carried out using human ovarian A2780 (cisplatin-sensitive) and A2780cis (cisplatin-resistant) cancer cells and human lung fibroblast MRC-5 normal cells. The cells were obtained from ATCC (Manassas, VA). The A2780 cell lines were maintained in RPMI 1640, supplemented with 10% foetal bovine serum, penicillin/streptomycin (100 U ml
) and glutamine (2 mM) (complete medium); to maintain the resistance, 1 μM cisplatin was routinely added to the A2780cis cells. The pH of the medium was 7.2 and the incubation was performed at 37°C in a 5% CO 2 atmosphere. Adherent cells were routinely used at 70% of confluence and passaged every 3 days by treatment with 0.25% trypsin-EDTA (Sigma-Aldrich, St Louis, MO, USA).
The MRC-5 cells were maintained in Eagle's minimum essential medium, non-essential amino acids, 2 mM L-glutamine, 1 mM sodium pyruvate and 1500 mg l −1 sodium bicarbonate. To make the complete growth medium, the following components were added to the base medium: foetal bovine serum to a final concentration of 10% and penicillin/streptomycin (100 U ml −1 ).
All the derivatives were added at serial dilutions and incubated in cell cultures: 50 mM stock solutions of each complex were prepared using pure DMSO, and the working solutions (5 mM, 500 μM and 50 μM) were obtained by successive dilution in EtOH. The water-soluble derivatives 3a-c were assayed also using aqueous solutions, showing IC 50 values comparable to those obtained with DMSO-EtOH solutions. After 72 h of treatment, cells were washed with PBS 1× and detached with trypsin. Cells were then suspended in physiological solution and counted with a Z2 Coulter Counter (Coulter Electronics, Hialeah, FL, USA). The cell number per millilitre was determined as IC 50 after 3 days of culture, when untreated cells were in log phase of cell growth. [11, 25] Cisplatin, solubilized in sterile water, was employed as positive control and untreated cells were placed in every plate as negative control. The cells were exposed to the compounds in 1000 μl total volume.
| Apoptosis assays
Annexin V and dead cell assays on A2780 and A2780cis cells, untreated and treated for 72 h with increasing doses of analysed derivatives, were performed with a Muse cell analyser (Millipore, Billerica, MA, USA), according to the instructions supplied by the manufacturer. This procedure utilizes Annexin V to detect phosphatidylserine on the external membrane of apoptotic cells. Moreover, a dead cell marker is also utilized in the same kit as indicator of cell membrane structural integrity. Cells were washed with sterile PBS 1×, tripsinized, resuspended in the original medium and diluted (1:1) with one-step addition of Muse Annexin V and Dead Cell reagent. After 20 min of incubation at room temperature in the dark, samples were analysed. [11] Data from prepared samples were acquired and recorded utilizing the Annexin V and Dead Cell Software Module (Millipore, Billerica, MA, USA).
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